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Studying how protein transmembrane domains transmit signals across membranes is 
beset by unique challenges. Here, we discuss the circumstances that have led to success 
and reflect on what has been learned from these examples. Such efforts suggest that some 
of the most interesting properties of transmembrane helix interactions may be the least 
amenable to study by current techniques.Many proteins involved in transmit-
ting signals across membranes have 
one or several transmembrane α heli-
ces (TMs). The mechanism by which 
these helices transmit signals across 
membranes has long been a subject 
of interest. Some have proposed 
that specific interactions among 
transmembrane helices transmit the 
signals, but it has been difficult to 
obtain structural information in any 
but a very few cases. Here, we con-
sider the challenges, note the circum-
stances that have led to success, and 
suggest a point of view that may help 
in thinking about this research area in 
the future. Our perspective is (1) the 
constraints of a lipid bilayer are poorly 
imitated by the detergents used to 
isolate and/or study membrane pro-
teins, leading to a selection bias in 
favor of the most stable proteins, (2) 
the characteristics leading to past 
successes can be readily identified, 
and (3) the most interesting proper-
ties of transmembrane helix interac-
tions during signal transduction may 
not be easily studied.
Differences between Lipid  
Bilayers and Detergent Micelles
In a membrane, the lipid bilayer 
imposes a set of properties on a 
protein, creating environmental con-
straints that stabilize both the TMs 
and their interactions. It has often 
been noted that the hydrophobic region of a bilayer promotes the 
formation of stable TMs by match-
ing the hydrophobicity of the side 
chains and by driving the formation 
of backbone hydrogen bonds. The 
fact that hydrophobic TMs are found 
in membrane proteins supports this 
view, and it has been thought that 
the formation of TMs is followed by 
their side to side association during 
protein folding (Popot and Engel-
man, 2000). The interactions that 
stabilize the association of α helices 
in membranes have been studied 
using a large array of approaches, 
but the most informative data have 
come from structural studies.
The lipid bilayer has distinctive 
regions characterized by polar lipid 
headgroups and hydrophobic lipid 
tails. The two headgroup regions 
each have a typical thickness of 
about 15 Å, although this number var-
ies considerably (Wiener and White, 
1992). The two headgroup layers 
are often ignored, despite the fact 
that together they are about equal in 
thickness to the hydrophobic region 
of the bilayer (about 30 Å). Head-
groups comprise a distinctive chemi-
cal environment in which the pres-
ence of water is restricted by the very 
high concentration of the headgroup 
components (Popot and Engelman, 
2000). Adding to this complexity, the 
two sides of a bilayer differ in head-
group chemistry, and there may be Cell 127, Noregional segregation of different lipid 
types. The hydrophobic core of the 
bilayer is characterized by a partially 
ordered array of hydrocarbon chains 
that is more orderly close to the head-
groups and more dynamic toward the 
center of the bilayer. Additionally, the 
interface region between the head-
groups and the hydrophobic chains 
has properties that stabilize associa-
tion with certain amino acids, such 
as those with aromatic side chains. 
Finally, there are lateral pressure gra-
dients across a bilayer (Findlay and 
Booth, 2006). Thus, the lipid bilayer 
provides a complex environment in 
which proteins fold and function.
The study of membrane proteins 
has been vexed by the problem of 
removing the proteins of interest from 
the membrane to enable study by 
X-ray crystallography, NMR, or elec-
tron microscopy. In many cases, the 
detergents used for this purpose do 
not represent the properties of the 
bilayer very well, leading to problems 
of instability for folded proteins or pro-
tein complexes (Figure 1). Compar-
ing the properties of an endogenous 
lipid bilayer with those of a detergent 
micelle reveals that the micelle is 
distinct in several respects. Micelles 
are most packed and least dynamic 
at their centers, have strong curva-
ture, and lack the asymmetry and 
the closely packed headgroups of a 
bilayer (Dill and Flory, 1981; Patargias vember 3, 2006 ©2006 Elsevier Inc. 447
Figure 1. A Transmembrane Protein in a Detergent Micelle and in a Lipid Bilayer
Depicted are molecular dynamic simulations (after 10 ns) of a micelle composed of octyl glucoside (OG) (left), the GlpF protein in an OG micelle 
(middle), and GlpF in a lipid bilayer composed of dimyristoylphosphatidylcholine (DMPC) (right). OG is the detergent used for GlpF crystallization and 
functional studies, and DMPC is a synthetic phospholipid used to mimic membrane biolipids. Simulations of molecular dynamics enable the study of 
the conformational dynamics and interactions of GlpF in these two environments. Detergent and lipid molecules are organized as spherical objects 
and planar bilayers, respectively. The detergent forms an irregular torus around the protein, which leads to greater mobility of the extramembranous 
loops and TMs of the protein than is found in the DMPC simulation. The detergent and lipid molecules are shown with carbon atoms in cyan and 
oxygen atoms in red. The protein is shown as a helix trace format (blue). (Images reproduced with permission from Patargias et al., 2005.)et al., 2005). Additionally, the pres-
sure gradients seen in bilayers are 
very different in micelles, which have 
looser packing near the detergent 
headgroup/water interface rather 
than the tighter packing seen in lipid 
bilayers. Thus, the idea (illustrated in 
Figure 1) that a micelle can substitute 
for a lipid bilayer may be problematic 
in many cases, and it is not surprising 
that membrane proteins and com-
plexes are often unstable in deter-
gents. Interestingly, adding or copu-
rifying membrane lipids can improve 
stability, and many X-ray and electron 
microscopy structures contain bound 
lipids, including ones that are non-
native (Palsdottir and Hunte, 2004). 
Simplified bilayers containing only a 
single lipid species have been used 
in preparations for electron micros-
copy or in computer simulation stud-
ies (Figure 1). Because of the rela-
tive instability of membrane proteins 
solubilized by detergents, the choice 
of proteins for study is biased by the 
fact that they must be stable enough 
to resist the disruption of the mem-
brane environment. From examining 
various membrane protein studies, 
this selection bias is apparent.
Many of the protein complexes, 
including the first membrane protein 
seen at high resolution, are photosyn-448 Cell 127, November 3, 2006 ©2006 Ethetic complexes that must be rigid 
to precisely position cofactors and 
allow motion of electrons. Others are 
channels that require high stability to 
define their ion selectivity or to pre-
vent spontaneous gating. In the realm 
of transmembrane helix interactions, 
the most studied case (until recently) 
is glycophorin A (MacKenzie et al., 
1997), where the transmembrane α 
helices are very strongly associated. 
Likewise, structural determination of 
the ζζ dimer from the T cell recep-
tor complex (Call et al., 2006) also 
depends on a strongly associated pair 
of helices. These successful examples 
are relatively immune to environmental 
changes because of their great stability 
as dimers. But what of the cases where 
the biological function requires struc-
tural changes among closely related 
energetic states? Many proteins are 
thought to require such changes but 
will be more difficult to study, both 
because of structural degeneracy and 
because of decreased stability. For 
example, receptors with one or a few 
transmembrane helices may exploit 
more than one low-energy conforma-
tion in the association of a given pair 
of helices.
The main structural approaches that 
have informed views of the chemistry 
of membrane proteins are electron lsevier Inc.microscopy, solution NMR, and X-ray 
crystallography. Electron microscopy 
applied to two-dimensional crystals 
has the advantage that proteins are 
in native-like bilayer environments, 
but generally this requires that the 
proteins be purified using detergents. 
Only rarely does electron microscopy 
lead to views of the chemical details 
of membrane proteins. Solution NMR 
is generally applied to membrane 
proteins in detergent micelles and has 
proved successful for β barrel pro-
teins, such as the porins. But solution 
NMR has been difficult to apply to 
helical proteins because the chemical 
shift dispersion is poor. Moreover, the 
micelles add to the molecular weight, 
which progressively limits resolution.
X-ray crystallography of membrane 
proteins in micelles is difficult due to 
numerous factors: detergents influ-
ence protein stability, micelles steri-
cally hinder crystal formation, phase 
separations may be difficult to man-
age, heterogeneous posttranslational 
modifications often occur, and mul-
tiple conformational states may be 
present. Indeed, as noted, detergent 
micelles are not ideal membrane 
mimetics, and they may be espe-
cially deleterious to membrane pro-
teins that have several closely related 
structural and energetic states. A 
Figure 2. Motions of Transmembrane α Helices in a Lipid Bilayer
Different types of motion of transmembrane α helices are depicted: translation, piston, rotation parallel to the membrane (pivot), and rotation per-
pendicular to the membrane.valuable example is the lactose 
permease. This membrane protein 
undergoes large domain rearrange-
ments during lactose transport and 
could not be successfully crystal-
lized nor its structure elucidated until 
a mutant favoring a single confor-
mation was used (Abramson et al., 
2003). Efforts to improve methods for 
working with membrane proteins are 
ongoing, including the development 
of new amphiphilic phases or mol-
ecules (Nollert, 2005).
Despite these difficulties, the 
number of membrane protein struc-
tures has increased exponentially 
(White, 2004). However, intact struc-
tures of receptor molecules with sin-
gle TMs are not among them, and so 
insights have been sought from stud-
ies of pieces of receptors. In such 
studies, domains other than the TM 
are expressed, purified, and crystal-
lized as soluble proteins. Combining 
functional data for full-length mem-
brane proteins recorded in the natu-
ral lipid environment with structural 
insights from truncated membrane 
proteins obtained for ligand-free and 
ligand-bound states allows deduc-
tion of the possible mechanism of 
receptor activation. In addition, TMs 
are being studied in isolated form by 
NMR. As we have noted, where the 
TM interactions are exceptionally sta-
ble, structures have been obtained 
for interacting pairs of helices.
Transmembrane Helix Motions
Several recent studies of soluble 
domains from receptors (and not 
the TMs themselves) suggest that 
TM motion is part of the mechanism 
for signal transduction. Hulko et al. (2006) summarize four possible 
types of motion that have been pro-
posed for helices in the membrane: 
translation, piston, rotation parallel 
to the membrane (pivot), and rota-
tion perpendicular to the membrane 
(Figure 2). Because most structural 
methods are compromised if there 
are multiple, dynamic conformations 
of the macromolecule of interest, it 
is not surprising that such motions 
in most membrane proteins remain 
mysterious. In the structure of the 
ζζ dimer of the T cell receptor (Call 
et al., 2006), the strong associa-
tion of the TMs via hydrogen bonds 
likely precludes the two helices from 
undergoing rotational motion (paral-
lel to the membrane) with respect to 
each other. However, other motions 
may be present in the helices or in the 
assembly of the larger T cell receptor 
complex.
Hulko et al. (2006) report on the 
solution NMR structure of an archaeal 
HAMP domain helix bundle and pro-
pose that helical rotation perpendicu-
lar to the membrane is critical for signal 
propagation. Although the actual TM is 
not present, its role is inferred by close 
proximity, and the HAMP domain pro-
vides a good example of how bundles 
of α helices are particularly well suited 
to being “tuned” to different closely 
related energetic states. HAMP dimers 
make symmetric to asymmetric rota-
tional transitions that alter the packing 
of the helices. Hulko et al. even find a 
single point mutation (Ala to Val) that 
can bias the energetic landscape of 
the protein transitions such that one 
particular rotational state is favored 
over the other. Although the results of 
Hulko et al. deal with soluble α helices, Cell 127, Novit is likely that nature has also exploited 
these properties in transmembrane α 
helices for signaling.
Likewise, Neiditch and coworkers 
(Neiditch et al., 2006) also implicate 
motion as part of the signal trans-
duction mechanism of LuxPQ, an 
integral membrane receptor involved 
in bacterial quorum sensing. LuxPQ 
can alternate between kinase and 
phosphatase activities. By compar-
ing the crystal structures of the lig-
and-bound and ligand-free forms of 
the soluble domains of the protein, 
the authors are able to discern a 
large-scale rotation that occurs upon 
binding of ligand to the extracellular 
domain. They propose that this rota-
tion is then propagated through the 
TMs to the periplasmic domain of the 
bacterium.
A related observation is that a muta-
tion (Val to Glu) in the TM of ErbB2, 
a member of the epidermal growth 
factor receptor (EGFR) family, does 
not, as originally thought, result in the 
formation of stronger receptor dimers 
than the wild-type TM (Mendrola et 
al., 2002). Instead, the Glu mutation 
may stabilize an alternate rotational 
conformation of the receptor dimers 
(Fleishman et al., 2002). EGFR is also 
the subject of recent work by Zhang 
and coworkers (Zhang et al., 2006). 
It has been thought that EGFRs are 
activated by a simple monomer to 
dimer transition induced by binding of 
ligand; however, emerging evidence 
suggests a more nuanced transition. 
This possibility involves not only the 
large-scale movements of monomers 
to form dimers but also more subtle 
changes. Although the details are still 
a source of much scientific study and ember 3, 2006 ©2006 Elsevier Inc. 449
debate, Zhang et al. have shown that 
asymmetric dimer formation between 
the intracellular kinase domains is 
needed for signal transduction. Here 
again, the role of the TM in transmit-
ting the motion of extracellular ligand 
binding to intracellular kinase activa-
tion is not clear. Recent work (Stanley 
and Fleming, 2005) has indicated that 
the TMs of EGFR display little asso-
ciation in detergent micelles, sup-
porting the idea that these TMs may 
be passive anchors that transmit sig-
nals from the extracellular domain to 
the intracellular domain. In contrast, 
other work indicates that the TMs of 
EGFRs do self-associate in lipid bilay-
ers (Mendrola et al., 2002). The differ-
ences in these two studies highlight 
the role that the solvent environment 
may play in determining which TM 
associations are observed. Moreo-
ver, subtle differences in the possible 
helical interactions may be difficult to 
observe in isolated domains solubi-
lized by detergents.
Closing Remarks
Clearly, future structural studies of 
TM signaling molecules will benefit 
from an understanding of these vari-
ous motions and energetic states. 
A question is whether, of these four 
types of motions (Figure 2), one of 
them is more energetically accessi-
ble in a membrane environment than 
the others and so is more often used. 
The association energies of the TMs 
may also be tuned to allow multiple 
weak associations, such that the 
choice of associated state is defined 450 Cell 127, November 3, 2006 ©2006 Eby the relationships in the extram-
embranous domains (Lemmon and 
Engelman, 1994). If the role of recep-
tor TMs is to allow a variety of rela-
tively weak associations, mutations 
that strongly stabilize a single state 
may harm protein function, favoring 
either the on or off state of the signal. 
Indeed, in the future, pharmacologi-
cal agents might be found that favor 
one state by binding to the helices 
inside the membrane, thus influenc-
ing function (Nakamura et al., 2006). 
It is also possible to conceive of TM 
interactions in which the subunits 
are asymmetric and not related by 
a 2-fold rotation axis, which would 
expand the range of possible func-
tional interactions considerably. Tak-
ing into account the great diversity 
of transmembrane proteins and the 
limits of our current knowledge, it 
is possible that each of these types 
of motion and helix interactions are 
mechanisms used for signal trans-
duction in nature.
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